T he sunflower is one of the most economically important edible oil-producing crops in the world. In western China in particular, a large proportion of the vegetable oil used is sunfl ower oil (Wang and Yin, 2014) . Th e quality of the oil is associated with its fatty acid composition, and particularly the proportions of oleic, linoleic, and linolenic acids (Jalilian et al., 2012) . In recent years, Chinese people have been making increasing demands on agriculture for healthy food; this is because more and more people are suff ering from cardiovascular disease (Rynan et al., 2015) . It has also been reported that consumption of oil with high concentrations of unsaturated fatty acids has positive eff ects on human health (Hu et al., 2001) . Desirable and healthy types of fatty acids have been implicated in cardiovascular and cerebrovascular health (Vassiliou et al., 2009) .
Sunfl ower seed oil is regarded as healthy edible plant oil since it contains two important unsaturated fatty acids: oleic and linoleic acid (Simpson et al., 1989) . Furthermore, sunfl ower is commercially important in the arid and semiarid areas of Northwest China because it can tolerate drought and salt stress, is high yielding, and has a short growth period and a high climate adaptation capability (Gholamhoseini et al., 2013) . Improving sunfl ower production by breeding for high quality and high concentrations of unsaturated fatty acids is an extremely important area of research.
Th e ability to assimilate nutrients during the growth period is important for yield and quality development in plants (Prasad et al., 1999) . In sunfl ower, oil quality and yield are both dependent on plant genotype and its interaction with the environment (Flagella et al., 2002) . Among the factors responsible for increasing crop yield and quality, fertilizer use is one of the most important (Reddy et al., 2003) . Of all the nutrients in fertilizer, N is the most important for enhancing metabolic processes based on proteins and leads to increases in vegetative growth, reproductive growth, and yield of the crop (Zubillaga et al., 2002; Koutroubas et al., 2008) . Sunfl ower responds well to applied N (Chakor and Sharma, 1994) , and the fatty acid composition of sunfl ower seed oil in fi ve cultivars can be improved by manipulating the N supply rate and the time of N application in both glasshouse and fi eld experiments (Steer and Seiler, 1990) . However, the use of N fertilizer is associated with economic and environmental risks, especially when N fertilizer management strategies are poor (Sylvester-Bradley, 1993 ).
The Quality of Sunfl ower Seed Oil Changes in Response to Nitrogen Fertilizer aBstraCt
Sunfl ower (Helianthus annuus L.) has emerged as a very important crop in China due to the economic value of vegetable oil production. A 2-yr fi eld experiment was conducted in 2013 and 2014 to determine the eff ect of diff erent N fertilizer application levels on the oil quality of a sunfl ower hybrid Kang Di T562 grown in the Hetao irrigation district, a sub-arid region in China. Th e eff ects of N fertilizer were evaluated for three characteristics of oil from sunfl ower seeds: crude fat content (CFC), protein content, and fatty acid composition. Th e results showed that N fertilizer application had a signifi cant eff ect on CFC, protein content, and fatty acid composition (oleic acid, linoleic acid, palmitic acid, stearic acid). When basic N fertilizer (68 kg ha -1 ) was used, subsequent topdressing N applications at the end of budding promoted the synthesis of protein, palmitic acid, and oleic acid in the oil of sunfl ower seeds, but decreased the CFC and linoleic acid content. Th ere was a signifi cant negative correlation between CFC and protein content (P ≤ 0.05) and between oleic acid and linoleic acid (P ≤ 0.01) in oil from sunfl ower seeds. Th ere were positive and negative correlations among the main quality indices of sunfl ower seed.
To increase the content of crude fat and linoleic acid in the oil of sunfl ower seeds, topdressing should not be used, or its use should be reduced, although this could reduce the content of protein, oleic acid, and palmitic acid.
The effects of fertilizers on sunflower yield have been described previously (Prasad et al., 2001 ). However, little work has been done to elucidate the effects of fertilizer on sunflower oil quality, specifically CFC, protein content, and fatty acid composition. In the present study, we have focused on the effects of N fertilizer on the quality of oil from sunflower seeds under the same irrigation regime. This provides the basic data and theoretical basis for future improvements in sunflower oil quality and the rational use of fertilizer in the arid and semiarid areas.
Material and Methods
experimental site and soil description A 2-yr field experiment (from May-September in 2013 and 2014) was conducted on the Shahaoqu Experimental Station Farm (1056 m), located in the Northwest of the Hetao Irrigation District (40°12¢-41°20¢ N, 106°10¢-109°30¢ E), Inner Mongolia Autonomous Region, China. The climate is arid/semiarid and continental in this region. All the weather data (minimum and maximum temperature, relative humidity, rainfall, dew-point temperature, wind velocity, atmospheric pressure) were obtained from the nearest meteorological observatory to the experimental site (Table 1) . According to the soil type descriptions of the U.S. Department of Agriculture, the soil texture at the experimental site was silty loam at the depths of 0 to 20 cm and 40 to 60 cm, and silty at the depth of 20 to 40 cm (Duiker, 2014) . The bulk soil density at the depths of 0 to 20 cm, 20 to 40 cm, and 40 to 60 cm were 1.544, 1.351, and 1.600 g cm -3 , respectively.
The initial N content in soil at sowing was describe as follows: at sowing the N-NO 3 content was 13.04, 10.71, 6.01, 4.2, and 3.34 mg kg -1 in the soil layer. At sowing the available N content was 25. 04, 21.94, 6.01, 16.96, and 14 .47 mg kg -1 in the 0 to 20 cm, 20 to 40 cm, 40 to 60 cm, 60 to 80 cm, and 80 to 100-cm soil layer, respectively.
design of Field experiment
The sunflower hybrid, Kang Di T562, was used as the experimental crop as it is known to grown well under the local agro-climatic conditions. Two types of N application were made: basal N fertilizer and topdressing N fertilizer. The basal fertilizer was 375 kg ha -1 phosphate diamine (including N 18%). were three treatments for the topdressing N fertilizer that included three different levels of N ( Table 2 ). No N fertilizer was regarded as the control group (CK).The experiment was arranged in a completely randomized block design with three replicate plots per treatment and control. The sunflower seeds were sown on 30 May 2013 and 1 June 2014 using a hand-mounted seed drill that placed three seeds per hole and ensured a distance of 30 to 35 cm between each hole. After crop establishment, near the two-to four-leaf stage, seedlings were thinned out manually to one per hole, to achieve an optimum plant population. The field plots were 4 by 8 m in size and covered with plastic mulch; four plastic films were used in each plot and two rows of seeds were sown through each film to achieve a total of eight rows of seeds per plot. The space between the rows in the film was 35 cm. The space between the rows of two adjacent films was 50 cm. There were 25 plants in each row and the plant spacing was 30 cm. The final plant density was 62,500 plants ha -1 . This was consistent across all plots. Standard farm practice was applied to field management practices such as weeding and pest control.
sampling
Three representative sunflower plants with a similar time to flowering were selected in each plot. At physiological maturity, 50 seeds were picked randomly from each plant and evaluated for CFC, protein content, and fatty acid composition. All seeds were ripened and air dried at room temperature for a period of at least 2 mo before these quality trait measurements were made.
determination of Quality Characteristics
The CFC was determined using the Soxhlet extraction method with absolute ether as the solvent following Standard Chinese analytical methods (Standardization Administration of China, 2003) . The protein content was determined following Kay's N determination method (Bremner, 1960) with some modification on the samples treatment and apparatuses application (Wang et al., 2016) using the Automatic Kjeldahl 
Apparatus (KDN-08D, Hangzhou, China). The total protein content was calculated from total N using a 6.38 conversion factor. The oil and protein concentrations were reported as g kg -1 of seed weight standardized to 8.5% moisture.
The fatty acids were identified by gas chromatography using Varian 450-GC (Varian Inc., Palo Alto, CA). Identification was achieved after conversion to the corresponding fatty acid methyl esters using tetramethylsulphoniumhydroxide. This sample pretreatment was done according to standard Chinese analytical methods (Standardization Administration of China, 2008) .
statistical analysis
Experimental data were expressed as mean ±SD. Statistical analysis (one-way ANOVA) concerning CFC, protein content, and fatty acid composition was performed using the GraphPad PRISM version 4.0 (GraphPad Software, SanDiego, CA) to analyze the differences among the means of experimental groups. When a parameter for any of the experimental groups was significant, Dunnett's Multiple Comparison Test was used. Differences were considered to be significant at P < 0.05 and highly significant at P < 0.01.
results effect of nitrogen Fertilizer on the Crude Fat
Content of Sunflower Seeds Nitrogen fertilizer applications affected the CFC of oil from sunflower seeds (Fig. 1 ).There was no significant difference in CFC between T 1 (basic N fertilizer (68 kg ha -1 , 0 kg ha -1 ) with no topdressing) and CK. The CFC of sunflower seeds in T 1 treatment was higher than that in CK by 1.21% (2013), 2.95% (2014), and 2.06% (average value from 2013 to 2014) but this was not statistically significant. There was no significant difference between T 2 and T 3 (P ≤ 0.05) in the different years. The CFC was significantly higher in T 1 than in T 2 and T 3 (11.26 and 9.13% higher, respectively in 2013; 9.83 and 12.56% higher, respectively in 2014; and10.69 and 10.85% higher, respectively when data from both years were averaged). Overall the effect of N fertilizer topdressing on the CFC was T 1 > T 3 > T 2 in 2013 and T 1 > T 2 > T 3 in 2014; T 1 > T 2 > T 3 for the average CFC values for2013 and 2014 combined (Fig. 1) . The results of ANOVA analysis showed that the year effect on CFC was not significant (P > 0.05). The different N fertilizer treatments had a significant effect on the CFC (P < 0.05) ( Table 3) .
effect of nitrogen Fertilizer on Protein Content of seeds
Nitrogen fertilizer applications affected protein content of sunflower seeds (Fig. 2) . There was significantly higher protein levels in oil from the T 1 treatment (basic N fertilizer (68 kg ha -1 , 0 kg ha -1 ) with no topdressing) compared with CK, specifically 7. 35, 16.66, and 11.55% higher in 2013, 2014 and pooled 2013-2014, respectively (Fig. 2) . With respect to the different topdressing treatments, in 2013 there was no significant difference in protein content between T 2 and T 3 , but the protein content in both T 2 and T 3 were significantly higher (36.28 and 32.43%, respectively) than in T 1 . In 2014, there was a significant difference in protein content between T 2 and T 3. The protein content in the T 2 and T 3 treatment was also significantly higher (33.15 and 45.96% higher, respectively) than in T 1 . When data from 2013 and 2014 were averaged, there was no significant difference in protein content between T 2 and T 3 , but the protein content in T 2 and T 3 treatment was significantly higher (34.81 and 38.82%, respectively) than in T 1 .Overall the effect of N fertilizer topdressing on protein content was 2014) , and T 3 ≥ T 2 > T 1 (average for 2013 and 2014) (Fig. 2) . The effect of year and N fertilizer treatment on protein was not significant (P > 0.05) ( Table 4) .
effect of nitrogen Fertilizer on the unsaturated Fatty Acid Composition of Sunflower Oil effect of nitrogen Fertilizer on linoleic acid Content
Nitrogen fertilizer applications affected linoleic acid content of oil from sunflower seeds (Fig. 3) . Although the linoleic acid content was 2.18% higher in CK than T 1 in 2013 and 2.15% higher in T 1 than CK in the 2013-2014 data combined, these differences were not statistically significant. However, linoleic acid content was significantly higher in T 1 than CK in 2014 (6.27% higher). With respect to the different topdressing treatments in 2013, linoleic acid levels were significantly higher in T 1 than in T 2 but there was no significant difference between T 1 and T 3 or between T 2 and T 3 . In 2014, the linoleic acid content in T 1 was significantly higher than inT 2 or T 3 (9.85 and 10.39% higher, respectively). There was no significant difference in linoleic acid content between T 2 and T 3 . When data from 2013 to 2014 were averaged, the linoleic acid content in T 1 was significantly higher than that in T 3 and T 2 (7.63 and 8.19% higher, respectively), but there was no significant difference between T 2 and T 3 . Overall the effect of N fertilizer topdressing on linoleic acid content was T 1 = CK > T 2 = T 3 , T 1 = CK > T 2 = T 3 ; T3 = CK, T 1 = CK; T 2 = T 3 < CK (the average value from 2013-2014) (Fig. 3) .
effect of nitrogen Fertilizer on oleic acid Content
Nitrogen fertilizer applications affected oleic acid content of oil from sunflower seeds (Fig. 4) . Although the oleic acid content was 1.14% higher in T 1 than in CK in 2013, this was not statistically significant. However, in 2014 and also when 2013-2014 data were combined, oleic acid content was significantly higher in CK than inT 1 (17.87 and 7.05% higher, respectively).With respect to the different topdressing treatments the oleic acid content of T 2 and T 3 was significantly higher than the corresponding value of T 1 in all years (9.30 and 10.33% higher in 2013, respectively; 23.34 and 24.99% higher in 2014, respectively; (Fig. 4) . The year effect was not significant for oleic acid, palmitic acid, and linoleic content (P > 0.05). However, the treatment of different N fertilizer had a significant effect on oleic acid, palmitic and linoleic acid content (P < 0.05) (Table 4) .
the effect of nitrogen Fertilizer on the saturated Fatty Acid Composition of Sunflower Oil the effect of nitrogen Fertilizer on Palmitic acid Content
Nitrogen fertilizer applications affected palmitic acid content of oil from sunflower seeds (Fig. 5) .The palmitic acid content was significantly higher in CK than in T 1 in 2013 and in the combined data from 2013 to 2014 (12.44 and 7.57% higher, respectively). In 2014, palmitic acid content in CK was higher than in T 1 , but the difference was not statistically significant. With respect to the different topdressing treatments palmitic acid content was significantly higher in T 1 than inT 3 in both years. Overall the effect of N fertilizer topdressing on palmitic acid content was CK > T 1 = T 2 > T 3 in 2013, CK = T 1 > T 2 > T 3 in 2014 and CK > T 1 = T 2 > T 3 for the average from 2013-2014) (Fig. 5) .
the effect of Fertilizer on the stearic Acid Content of Sunflower Oil
Nitrogen fertilizer applications affected stearic acid content of oil from sunflower seeds (Fig. 6) . The stearic acid content of T 1 was significantly greater than CK in 2013, but the other way round in 2014. With respect to the different topdressing treatments stearic acid content was significantly higher in T 2 than in T 3 by10.21% and T 1 by 14.40% in 2013. In 2014 stearic acid was significantly higher inT 3 than in T 2 and T 1 . When the data from 2013 and 2014 were combined, there was no significant difference in stearic acid content between T 2 and T 3 , but stearic acid content in T 2 and T 3 was significantly higher than in T 1 . Overall the effect of N fertilizer topdressing on stearic acid content was T 2 > T 3 = T 1 > CK (2013), T 3 > T 2 > CK > T 1 (2014) and T 2 = T 3 > CK = T 1 for the average value from 2013 to 2014 (Fig. 6 ).Year and treatment both had no significant effect on stearic acid content (P > 0.05) ( Table 4) .
Correlation among Crude Fat Content, Protein, and Fatty Acid Composition in Sunflower oil in different Years and treatments
To clarify the effect of N fertilizer application on the quality of oil from sunflower seeds we compared correlations between CFC, protein, and relative fatty acid composition and content in 2013 and 2014 respectively (Table 5 ). The results showed that there was a highly significant negative correlation (P < 0.01 levels) among CFC and protein, olieic acid, and stearic acid. The CFC was positively correlated with linoleic and palmitic acids. Protein content was significantly positively correlated with oleic acid and stearic acid, while it was negatively correlated with linoleic acid and palmitic acid. Oleic acid was significantly negatively correlated with linoleic acid and palmitic acid, while it was positively correlated with stearic acid. Linoleic acid was positively correlated with palmitic acid and negatively correlated with stearic acid (Table 6) . disCussion The 2-yr experiment showed that varying N fertilizer applications could have significant effects on the CFC, protein content, and fatty acid content of the oil in sunflower seeds. When there is sufficient basic N (N-NO 3 and available N content were10.71 g kg -1 and 21.94 mg kg -1 , respectively in the 0-to 20-cm soil cultivation layer) when the sunflower seeds are sown, subsequent topdressing with N fertilizer at the bud and flowering stage has negative effects on CFC content. However, subsequent topdressing has a positive effect on protein content. Specifically, with basic N application (68 kg ha -1 ) at sowing and no subsequent topdressing during the bud and flowering stage significantly increased the protein content of oil compared with no topdressing and protein content continued to increase with increasing levels of topdressing N up to 52 kg ha -1 , after which protein content was more variable.
Previous literature reported grain oil concentration and linoleic acid concentration were correlated with yield, which is largely because a high N supply promotes both leaf area and the amount of intercepted solar radiation (ISR), which would be expected to increase grain oil concentration (Aguirrezábal et al., 2015) . However, excess N can reduce sunflower oil concentration, mainly due to an increase in protein concentration with no increase in biomass (Steer et al., 1984) . Zheljazkov et al. (2008 Zheljazkov et al. ( , 2009 observed that grain oil concentration of different sunflower hybrids was unaffected due to higher total grain dry mass yield. It is well known that yield is mainly driven by the number of grains m -1 and that the correlation between grain number and weight per grain is weak for sunflower (Cantagallo et al., 1997) . Thus, we cannot consider the yield of sunflower in the present paper. Interestingly we found the same phenomena in previous studies on the Kangdi hybrid in arid/semiarid and continental areas in the same region of China. Sixty-eight kg ha -1 basic N application at sowing and 52 kg ha -1 topdressing N treatments at bud and flowering period can increase CFC, however when increasing N to 104 kg ha -1 , CFC decreased.
Within appropriate ranges of N fertilizer application, crops respond well to applied N and both grain and oil yield in sunflower (data not presented here) can be positively affected by N fertilization. If N availability is not limiting, N fertilization is likely to increase protein concentration and decrease oil concentration (Kumar et al., 1991) . Significant decreases in oil content (%) have been reported in association with increasing levels of N fertilizer (Zheljazkov et al., 2013) , which is likely to be due to a trade-off between protein and oil concentrations. Other studies confirm this, demonstrating that the oil percentage can decrease or remain fixed in response to the addition of N (Zheljazkov et al., 2008) . But higher doses can result in a reduction in oil content. In the present study, we found that topdressing with N promoted protein synthesis but decrease the CFC when applied during the bud and flowering period, which is in agreement with the previous studies. The reduction in oil content of sunflower seeds maybe was due to a dilution effect. In oil crops, an increase in oil concentration is generally associated with a decrease in protein concentration (López Pereira et al., 2000; Morrison et al., 2000; Uribelarrea et al., 2004) . Grain oil accumulation greatly depends on the C economy of the crop during the post-flowering, grain-filling period. The intercepted solar radiation (ISR) intercepted during this period is a key factor. Another factor with high impact on oil concentration is temperature. Using N fertilizer mainly affected organic C through its impact on light capture and post-flowering leaf senescence (Aguirrezábal et al., 2003 (Aguirrezábal et al., , 2015 . The reduction in oil content of sunflower seeds may be due to degradation of carbohydrates to acetyl CoA in the tricarboxylic acid cycle. By reductive amination and transamination processes more amino acids are formed compared with fatty acids (Prasad, 1990) . Singh and Quadri (1984) and Sharma and Gaur (1988) have also reported that decreases in oil content (%) in response to high levels of N was due to the presence of more impurities. Protein synthesis is wholly dependent on the amount of N fertilizer available for plant use (Nasim et al., 2012) .The application of N fertilizer also increases protein concentration regardless of the irrigation regime used (Jalilian et al., 2012) .
The quantity of saturated fatty acids increases linearly with C allocated to the grains, while oleic acid increases exponentially and linoleic acid increases up to a maximum. (Aguirrezábal et al., 2015) . Previous studies have shown that the fatty acid composition of five cultivars of sunflower seed oil responded to the N supply rate and the time of N application in glasshouse and field experiments (Steer and Seiler, 1990) . In the present study, N fertilizer was only applied during the bud and flowering period of sunflower, and we found a negative relationship between the percentage of linoleic acid and high N (18:2) and a positive relationship between the percentage of oleic acid and high N (18:1). These results suggest that increased N availability during postflowering had a positive impact on carbohydrate production, increasing oleic acid content to a greater event than linoleic acid. Applying the basic N application (68 kg hm -2 ) at sowing and no N topdressing during the bud and flowering stage resulted in significantly higher linoleic acid content compared with treatments with topdressing suggesting very low assimilates allocated to grains (Aguirrezábal et al., 2015) . This is in contrast to the study of Steer and Seiler (1990) where linoleic acid content responded positively to increases in N supply rates before floret initiation, but negatively to high N supply rates after anthesis. Analysis of oil and fatty acids content as a function of carbohydrate equivalents allowed Aguirrezábal et al. (2015) and Echarte et al. (2012) to develop conceptual models. In these model, when assimilates allocated to the grains were low, both first steps of oil synthesis and oleic acid desaturation, which are a key controlling step in the fatty acid biosynthesis pathway (Garcéset al., 1992) , occur at submaximal substrate concentrations. Under these conditions, oil accumulates and the majority of oleic acid can be transformed into linoleic acid. Furthermore, there was a negative relationship between oleic acid and N supply rate before floret initiation and after anthesis (Steer and Seiler, 1990) .
Linear responses of oil and saturated fatty acid content to carbohydrate equivalents might suggest that C allocated to the grains is mostly converted into oleic acid in the first steps of oil synthesis on a wide range of available substrates. Zheljazkov et al. (2008) reported that N application resulted in a decrease in palmitic acid and stearic acid concentrations compared with those obtained in the absence of N application. They also showed that the level of significance of this decrease was affected by an interaction between the N rate applied, the crop hybrid, and the location (Zheljazkov et al., 2008) . However, it has also been reported that increasing the N rate results in an increase in total saturated fatty acid concentration and a decrease in linolenic acid concentration (Gao et al., 2010) .The analysis of oil and fatty acid content was regarded as a function of carbohydrate equivalents (Aguirrezábal et al., 2015; Echarte et al., 2012) In the present study, the unsaturated fatty acid content of oil from sunflower seeds was significantly positively related to the N fertilizer levels. Some researchers have suggested that unsaturated fatty acids were significantly affected by environmental conditions, while saturated fatty acids are not (Kandil et al., 1990 ) and our results would support this. Our experiment showed that the greatest amounts of oleic acid and linoleic acid were found under CK treatment (i.e., no N fertilizer application); therefore, no fertilizer or low N fertilizer application rates would help increase the unsaturated fatty acid content of oil from sunflower seeds. The significant negative correlation between oleic acid and linoleic acid (2013: R = -0.960*; 2014: R = -0.995**), also confirms the results of other research groups. Nitrogen topdressing during the bud and flowering stages have a significant effect on the accumulation of oleic acid and linoleic acid. These stages are a sensitive period for crops in relation to fertilizers and the environment. So, the influence of soil nutrient status on crude fat and fatty acid composition of crude oil from sunflower seeds was greater. The oleic acid content of seeds from the main inflorescences and the branches increases quickly during the early flowering period and continues to steadily increase thereafter, while the linoleic acid content does the opposite (Yang, 2006) . Knowles (1988) pointed out that, although the genotype was the most important factor in determining the fatty acid composition, external environmental factors also had a strong influence on the oil content and fatty acid composition of oil from sunflower seeds during the seed-filling period. Worthington et al. (1972) also demonstrated that fatty acid composition and the quantity of peanut seed oil was associated with the external environmental conditions during the growth phase; in fact, environment was the dominant factor during the ripening period.
ConClusion
In the current study, the effect of N fertilizer application on CFC, protein content, and fatty acid composition of oil in sunflower seeds and the correlation between different N application rates and quality characteristics were evaluated in a 2-yr field experiment. When basic N fertilization application (68 kg ha -1 ) is used, topdressing N applications made during budding and flowering did not significantly increase CFC and linoleic acid content beyond the CK. However, topdressing N applications during budding and flowering did promote the synthesis of protein, palmitic acid, and oleic acid in the oil from sunflower seeds, although at topdressing rates of 52 kg ha -1 (T 2 ) and 104 kg ha -1 (T 3 ), protein content and stearic acid content did not always increase significantly. The year effect on the CFC, protein, and fatty acid composition contents were not always significant, but N fertilizer application during budding and flowering played crucial roles in CFC, protein and fatty acid accumulation. Interestingly, we found that the CFC decreased in the high N treatments T 2 and T 3 , while protein increased with topdressing N applications in local hybrid oil sunflower seeds in arid/semiarid and continental in this region of China. These results suggest that local famers could be advised to not apply N fertilizer excessively at late growth stages of sunflower. 
